Although multiple studies have shown that human immunodeficiency virus (HIV) drives tuberculosis epidemics at the population level [1] , the impact of HIV on the spread of tuberculosis at the individual and household levels remains unclear. Because coinfected patients are often sputum smear negative, have relatively few cavitary lesions, and have a reduced period of infectiousness, they may be less likely than non-HIVinfected patients to transmit tuberculosis to their contacts [2] [3] [4] . Previous studies that have compared the relative infectiousness of HIV-infected and non-HIVinfected tuberculosis patients have been inconsistent; a meta-analysis found similar rates of infection as measured by the tuberculin skin test (TST) between the household contacts of HIV-positive and -negative tuberculosis index patients [5] , but noted marked heterogeneity across the studies [6] . Another group found that although the HIV status of a tuberculosis index patient did not modify the prevalence of TST positivity among household contacts (HHCs), there was a lower TST conversion rate among uninfected HHCs exposed to HIV-positive index tuberculosis patients [7] . Consistent with this, 2 other studies suggested that contacts of HIV-positive patients with tuberculosis were less likely to be TST positive [8] and had a decreased risk of tuberculosis disease [9, 10] compared to contacts of HIV-negative patients.
A possible source of heterogeneity in these results may be the degree of HIV-induced immunosuppression among the coinfected index patients. Few of the studies cited above report results stratified by CD4 count or other indicators of HIV-related immunosuppression, and thus important differences in the transmissibility of tuberculosis related to the different clinical manifestations of HIV/tuberculosis coinfection may have been aggregated. Here, we evaluate the risk of tuberculosis infection among household contacts of index patients with and without HIV, stratifying by CD4 count.
METHODS

Data Collection and Categorizations
Index Patients
Between September 2009 and August 2012, we identified newly diagnosed adult patients with culture-positive pulmonary tuberculosis from 106 participating health centers located in a catchment area of Lima, Peru. The study area contains approximately 3.3 million residents. The tuberculosis case notification rate in this area was 96.1 per 100 000 personyears in 2009 [11] .
We excluded index patients with drug-resistant tuberculosis to avoid potential heterogeneity in transmission due to the drug resistance phenotype. We also excluded index patients who lived outside the catchment area, resided in a nursing home, or were younger than 15 years of age. At enrollment, we recorded the index patient's age, sex, sputum smear status, time between the onset of tuberculosis symptoms and diagnosis, presence of cavitary disease as confirmed by chest radiography, HIV infection status (negative or positive) and, if HIV positive, HIV treatment history from the medical record. From September 2009 to August 2011, HIV infection status was determined using a lab-based enzyme immunoassay (EIA), and nonnegative samples were confirmed using an immunofluorescence assay (IFA). After August 2011, a new HIV testing algorithm was employed [12] ; we first performed a rapid screening test and followed those with nonnegative tests with an EIA and a confirmatory IFA. HIV disease status was further categorized based on CD4 count <250 or ≥250 cells/µL. We obtained the CD4 count from the patients' medical records using the value obtained at the time that was closest to the patient's tuberculosis diagnosis date. When there was no CD4 count measurement within a 180-day window (±90 days) of the tuberculosis diagnosis, the degree of immunosuppression was determined using the criteria shown in Table 1 . The time to treatment was measured as the number of days the patient reported coughing prior to diagnosis. b Mean of CD4 counts of the 2 observations was used.
c Measurement closest to the T 0 was used.
Household Contacts
Within a month following the index patient's diagnosis, a nurse visited the index patient's household and invited HHCs to participate in a baseline assessment to identify those infected with tuberculosis by using TST. We classified people as tuberculosis infected if their TST was ≥10 mm or ≥5 mm if they were HIV positive. HHCs who reported a previous diagnosis of active tuberculosis or a positive TST were excluded. At the baseline visit, we collected the following information for each participating HHC: age, sex, height, weight, tobacco use, alcohol intake, number of BCG vaccination scars, and relation to the index patient. We categorized participants according to their alcohol intake as nondrinkers (no alcoholic drinks consumed per day), light drinkers (<40 g or <3 alcoholic drinks consumed per day), and heavy drinkers (≥40 g or ≥3 alcoholic drinks consumed per day) [13] . A large proportion of smokers reported smoking an average of only a single cigarette per day. Consequently, we categorized smoking use as nonsmokers (no cigarettes per day), light smokers (1 cigarette per day), and moderate or heavy smokers (>1 cigarette per day). The World Health Organization body mass index (BMI) z score tables were used to define nutritional status [14] . We assigned HHCs with BMI z scores <2 as underweight, and those with z scores >2 as overweight.
Household Characteristics
We assessed the relationship between the following household characteristics and the risk of tuberculosis infection among contacts: number of people per room, secondhand tobacco exposure, and the type of housing. Housing was considered substandard if participants resided in any of the following: hut, shack, makeshift housing, or space not intended for human habitation.
Data Analysis
We estimated prevalence ratios with a modified Poisson generalized estimating equation to account for correlation among participants within a household [15] . We specified an exchangeable working correlation structure for observations within the same household. For inference, we obtained empirical standard error estimates that were used to construct Waldtype 95% confidence intervals. We first performed age-adjusted univariate analyses for covariates that were expected to modify tuberculosis infection based on a priori background knowledge. Subsequently, we included all covariates in the multivariate model, with the exception of sputum smear status, length of symptomatic period, and presence of cavitary disease, as we hypothesized that these risk factors may mediate the effects of the index patient's HIV disease progression on the contact's risk of tuberculosis infection. We also aimed to quantify the direct effect of HIV on risk of tuberculosis transmission, which was not mediated by smear status, duration of symptomatic disease, or cavitation. We evaluated the direct effect by adding the mediators to the regression model, assuming that upon adjusting for the observed covariates, no unobserved confounding prevailed for the joint effects of the degree of the index patient's immunosuppression and these 3 mediators on the HHC's risk of tuberculosis infection. The above analytic approach implicitly assumes that all infected HHCs acquired infection from the index patient. However, it is clear that some HHCs will have acquired infection from other tuberculosis patients either within the home or from other sources in the community in the past; this would lead to nondifferential misclassification and would be expected to attenuate our results toward the null. Another potential bias could arise if there were other index patient-related or household characteristics associated with the degree of the index patient's immunosuppression and tuberculosis transmission in the past. We performed 2 sensitivity analyses to address the direction and magnitude of these potential biases. First, we repeated the analysis excluding households that reported any tuberculosis cases occurring earlier than the index patient's diagnosis. Second, we restricted our analysis to HHCs' children <15 years of age, because of the low likelihood that these children were infected before an index patient's diagnosis and much more limited risk of being infected in the community.
RESULTS
Baseline Characteristics
We identified 1608 index patients with incident drug-sensitive pulmonary tuberculosis and 4841 exposed HHCs who had not had a previous diagnosis of active tuberculosis or previous positive TST. TST results were available for 4253 (87.85%) of the HHCs. Table 2 shows the baseline characteristics of HHCs, stratified by HIV status of the index patient. The prevalence of tuberculosis infection in HHCs was 44.99% in adults and 22.07% in children. The prevalence of HIV in tuberculosis cases was 3.00%.
Age-Adjusted Univariate Analyses
After adjusting for age, we found that HHCs were more likely to be TST positive at enrollment if they had ≥3 BCG vaccination scars, were related to the index patient, lived in an apartment or substandard housing, or had been exposed to an index patient who had a smear-positive sputum test or had delayed diagnosis from the onset of symptoms (Table 3) .
Multivariate Analysis
We used the 3925 (92.29%) observations with complete data in a multivariate analysis. The prevalence of tuberculosis infection was similar to those who were excluded from this analysis because of missing data (35.72% vs 36.44% for adults and 21.95% vs 22.07% for children). Tables 3 and 4) .
Direct Effect
The observed direct effect of HIV-induced immunosuppression on the risk of an HHC's tuberculosis infection that was not (Table 3) .
Sensitivity Analysis
When we excluded households with a previous case of active tuberculosis, the RR of infection in HHCs exposed to an HIVpositive index patient with CD4 <250 cells/μL compared to those exposed to an HIV-negative index patient was reduced from 0.50 to 0.43. Among children <15 years of age, none of the 6 exposed to HIV-positive patients with a CD4 count <250 cells/μL was infected with tuberculosis, compared to 22% of those exposed to non-HIV-infected patients (Table 4 ).
DISCUSSION
We found that HHCs exposed to HIV-positive tuberculosis patients whose CD4 counts were <250 cells/μL had half the risk of tuberculosis infection compared to HHCs exposed to HIVnegative index patients. The estimated effect was unaltered by further adjusting for potential mediators, suggesting that the observed association is only partially mediated by sputum smear status, treatment delay, and cavitary disease. None of the children <15 years of age exposed to HIV-positive patients with a CD4 count <250 were infected with tuberculosis. We also showed that there was no significant difference in risk between those exposed to HIV-infected index patients with mild or moderate immunosuppression (CD4 counts ≥250 cells/μL) and those exposed to HIV-negative cases. Whereas some previous studies reported that the HIV status of tuberculosis cases is associated with the prevalence of TST positivity among their HHCs [8] or is associated with risk of TST conversion [7] , other studies reported that the HIV status of tuberculosis cases does not modify the risk of tuberculosis infection [5, 16] . Two observations may help explain these inconsistent results. First, the wide confidence intervals in several studies [8, 16] suggest that the sample sizes may have been too small to reliably detect an effect. Second, HIV may not modify the infectiousness of tuberculosis patients until the HIV-induced immunosuppression becomes more advanced. If these studies included a large proportion of HIV patients with mild or moderate immunosuppression, our results suggest that an effect would likely not have been observed. The 2 previous studies examining the impact of the degree of HIV-induced immunosuppression on the infectiousness of tuberculosis have e Defined by body mass index z score from World Health Organization; z score <2 was defined as underweight; >2 was defined as overweight.
f Replaced CD4 counts of index patient in final model and direct effect model with HIV status of index patient. yielded inconsistent results. Carvalho et al reported that CD4 counts were not associated with tuberculosis infection among contacts [7] , whereas Kenyon et al found fewer instances of tuberculosis infection among child contacts of HIV-positive tuberculosis patients with CD4 levels <200 cells/ μL than in those exposed to an HIV-positive index patient with CD4 levels ≥200 cells/μL (odds ratio = 0.08 [95% CI, .01-.50]) [17] . Our result is consistent with this finding and provides additional evidence that HIV modifies the infectiousness of tuberculosis, but only in patients with advanced HIVrelated immunosuppression. Several possible mechanisms may explain the reduced infectiousness of tuberculosis patients with advanced HIV-induced immunosuppression. First, they may be infectious for less time than those without immunosuppression, as immunosuppressed tuberculosis patients typically progress to diagnosis or death more quickly than others [2] . Second, tuberculosis patients with advanced HIV infections are more likely to be sputum smear negative and therefore less infectious [18, 19] . Third, compared to those without immunosuppression, tuberculosis patients with lower CD4 counts may have less lung tissue damage and cavitary tuberculosis, factors that have been associated with infectiousness in humans [20] . Such tissue destruction results, in part, from the expression of host metalloproteinases (MMPs), a cluster of fibroblast collagenases that break down the extracellular matrix of lung [21, 22] . Previous studies show that CD4 counts of HIV-positive tuberculosis patients are inversely associated with the extent of lung tissue damage or cavitation [23] and that tuberculosis patients with CD4 counts <200 cells/μL had lower levels of MMP-1, -2, -8, and -9 in induced sputum samples [24] . Another study demonstrated that tissue inhibitors of MMPs were higher in tuberculosis infection in HIV-positive compared to HIV-negative mice [25] . These data raise the possibility that tuberculosis patients with advanced immunosuppression are less infectious because of lower levels of MMPs leading to less lung tissue damage and cavitation.
We found that the direct effect of HIV-induced immunosuppression of an index patient on his/her HHCs remained strong after adjusting for sputum bacilli load and for diagnostic delay, suggesting the possible existence of other factors leading to a lower transmissibility for these patients. As these 3 proxies of disease severity and delays to treatment for the index patients are relatively imprecise indicators, there may be some measurement error in quantifying disease severity and treatment delays, and the observed direct effect may be overestimated. Against our expectation, our data also suggested that there is only a slight indirect effect. Because the cross-sectional data do not allow us to distinguish the order of exposure, mediator, and outcome, an indirect effect of these mediators might have been attenuated in our analysis. We also assumed that there is no confounding of the exposure-outcome, exposure-mediator, and mediator-outcome relations, and a potential violation of this assumption may also have led to the attenuation of a true indirect effect.
We also found that HHCs who had ≥3 BCG scars had increased risk of TST positivity at baseline compared to those who had 1 BCG scar. This suggests that repeated BCG vaccination increases the rate of false-positive TSTs [26] or, less probably, that multiple BCG vaccinations increase the risk of tuberculosis infection.
We found a higher proportion of index patients who were male than female, which reflects the distribution of tuberculosis incidence in Lima, Peru [11] . The estimated prevalence of tuberculosis infection in Lima varies widely from 1% among incoming health science students to 77% among the workers in the informal public transport sector [27] [28] [29] [30] . In our cohort, the prevalence of tuberculosis infection in HHCs is 38%. The prevalence of HIV in tuberculosis cases in our study (3.00%) is 2 times higher than the general population in Peru (1.5%) [11] . A possible explanation is that the reported tuberculosis incidence rate is high in Lima. The major limitation of our study is the potential nondifferential misclassification that could have arisen from 2 sources. First, we used the CD4 levels closest to the time of tuberculosis patients' diagnosis to represent the degree of their HIV-induced immunosuppression. Because the actual CD4 counts at the time of tuberculosis infection may have changed, our results may be biased toward the null because of this potential nondifferential misclassification of exposure. Second, some HHCs will have acquired tuberculosis infection prior to their exposure to the index patient. Although this would also be expected to lead to nondifferential misclassification and attenuation of the effect of HIV coinfection toward the null, it is also possible that other index patient or household characteristics may have affected tuberculosis transmission to HHCs in the past. When we conducted a sensitivity analysis to explore this possibility by restricting our analysis to the HHCs who reported that they had not been previously exposed to a household tuberculosis patient, we observed an increase in the magnitude of the effect of being exposed to an HIV-infected index patient with a CD4 count <250 cells/µL, suggesting that nondifferential misclassification is more likely than confounding of the effect of immunosuppression by some other unmeasured variables. When we restricted the analysis to children who were less likely to have been infected prior to the current exposure, we found that none of the children exposed to an index patient with CD4 count <250 cells/µL had baseline positive TST results. Based on these results, we infer that the true effect of HIV disease progression on HHCs' tuberculosis infection is even larger than what we observed. Another limitation of our study is the possibility of false-positive TSTs induced by BCG vaccination. To minimize their effect on our results, we selected a conservative cutoff (10 mm induration) [31] and included the reported number of BCG scars in the regression model to adjust for the misclassification of outcome. The distribution of the number of BCG scars in HIV-negative index patients is similar to that in HIV-positive index patients (Table 2 ). This suggests that falsepositive TSTs due to BCG vaccination would also be expected to lead to nondifferential misclassification that would drive the results toward null.
CONCLUSIONS
Our results suggest that HIV-induced immunosuppression reduces the risk of tuberculosis transmission from HIV-coinfected index patients within households. Possible biological explanations are that immunosuppressed patients are infectious for shorter periods of time and that the reduced tuberculosis bacillary load and tissue destruction typical of late-stage HIV reduced the likelihood of spread.
Notes
